In this paper, we use a human head and shoulder model to extend the theory and analysis of specific absorption rates (SAR) in the human head due to radiation caused by passive radio frequency identification (RFID) reader systems. We use a finite-element method (FEM), and a human head and shoulder model with a voxel size of 8mm for the tetrahedral to analyze the peak one-voxel SAR, spatial-peak 1g cube of tissue SAR, spatial-peak 10g cube of tissue SAR, and the average SAR in the human head. We present analytical evaluations to study the SAR in the human head at 1W radiated power output of a 7.4dB gain RFID reader patch antenna at distances of 10cm, 100cm and 1000cm from the front of the human head, at the cut-plane intersection of the human eye. We also show that in an ideal absorption environment, an RFID reader at 10cm from the human head presents a SAR above 1.6W/kg for both the spatial-peak 1g and 10g cube of tissue, the maximum value allowed by the Federal Communications Commission (FCC) in the US.
Introduction
The advent of advanced wireless systems recently has begun to create seamless interconnectivity between the human species through excellence in communications. These advances bring various positive advantages to society, but also impact human beings in numerous ways. One form of intervention with the human body is the propagation of radio frequency (RF) waves through biological tissues within the human body. Propagation of electric fields in the human body and biological tissues has previously been studied extensively for localized radiation sources such as cellular telephones. Absorption of RF energy by tissues and the human body is typically used to study both short term and long term impacts caused to the human body, but have previously not been studied in detail for other emerging wireless systems.
This paper is organized as follows: a discussion on related work is presented in Section 2 to enumerate previous work and to survey the existing literature. Section 3 presents the analytical test setup as well as the simulation environment used in this paper. Section 4 presents the electric field, magnetic field, and SAR of the near field orthoslices of interest in the human head. In this section, we acquire data from the SAR cross-sectional results and present an analysis of SAR in a 3-dimensional human head. Here, quantitative results are used to evaluate the occurrences of high risk exposures in parts of the human head and shoulders.
Related Work
Anatomical studies of the human body have been researched for many decades in an attempt to understand the occurrence of high risk occurrences due to RF radiation on the human body. Most of the previous work have utilized magnetic resonance imaging (MRI) and computed tomography (CT) scan techniques to understand the positioning and properties of human tissues. The data collected from these techniques have been used previously to build models of the human body, both mathematical and phantom like. Both the MRI and CT scan techniques provide transverse slices or segmentations of the human body that were then used as parameters to the model developed. MRI data are generally much higher in resolution than the CT scan, and in most instances are very successful at distinguishing interior tissues [1] . The clear drawback of the MRI method is the time consumption [1] that is required to first acquire data from each transverse slice and then convert the data through data capture and automated modeling techniques in some instances. Nevertheless, these methods have become the key to understanding the placement of tissues within the human bodies and their properties. Segmentation is the process at which the information from these techniques is used to develop a numerical dosimetric model which would be mathematically solvable. The two well known mathematical models used are the finite-difference time-domain (FDTD) method and the finite-element method (FEM). Even with the processing capacity and intelligence of automation methods and computers today, the process of segmentation is still very hard to automate, and in most instances can be accomplished quicker through manual segmentation. Figure 1 depicts the three major models that have been previously reported to be successful in characterizing the SAR in the human body. Wang and Fujiwara [2] developed a numerical model of a human head ( Figure 1a ) consisting of 17 different tissues, and a voxel size of 2 × 2 × 2 mm in 2002. This model is composed of more than 520,000 cubic voxels, with a voxel volume of 8 mm 2 , where each volume was assigned to a specific type of tissue [1] . This method has previously been shown to be accurate only for localized sources of radiation since the rest of the human body cannot play a role in absorption. As we already know [3] , absorption using non-localized systems is more accurate when there are bigger parts of the biological system in consideration, in this case a larger part of the human body. [1, 4] , and has a resolution of 2 mm, and a voxel volume of 8 mm 2 . This model is very accurate and considerably complete and complex, but has yet to be use for studies pertaining to passive RFID systems in dense environments. Sandrini et al. [5] published a method that is resource friendly, which completely ignored the use of voxels. This method disregarded the voxel method and allows for data extraction from grayscales in the MRI data, which provide for semi-automatic generation of the dielectric model [1, 5] . The results of this experiment depicted in Figure 1c show that a dielectric anatomical model can be used to generalize the exposure to RF radiation from the far field [1, 5] . This generalized model requires the use of continues transfer function during extraction from MRI grayscales, and therefore do not allow for the discretization of organs within the human body [1] . This makes SAR incalculable throughout the entire body accurately, and definitely incalculable for specific organs or tissues.
Simulation Environment and Analytical Test Setup
The analytical analysis is conducted in an electromagnetic environment called Feko, which is developed using leading computational electromagnetic (CEM) methods. The method used here is the hybrid MoM/FEM which involves the full coupling using MoM methods with the heterogeneous dielectric bodies in the FEM regions. This method is accurate for the structure sizes used in this paper. The human head and shoulder model is an inhomogeneous model containing 300,000 8 mm size tetrahedrals, and can be solved on a 32-bit machine with 2GByte of RAM. The model is meshed to be accurate for usage or operation up to 1 GHz, and the medium properties for the 25 tissues incorporated in this model are derived from FCC for 915 MHz [6] . The analysis is conducted using the setup displayed in Figure 2a . A square patch antenna is designed with a width and length of a quarter wavelengths to radiate up to 7.4dB gain in free space. This antenna is designed to utilize air as the dielectric medium between the patch and the ground plane, and a feed pin is used to supply a source port. The port is placed in the middle of the feed pin, and is used as a radiation point source with a 1V source magnitude at a phase of 0°. The radiation is conducted using a total source power of 1W, and the mesh size for the antenna is 20 times smaller than wavelength of the maximum frequency of passive UHF RFID systems in US (928 MHz) as allowed by FCC. In total, there were 45 segments for the feed pin and 600 FEM triangles for the patch (and metal back-plane) in the mesh for the antenna design. The human head and shoulder model is meshed using the values provided in [6] , and near field values are calculated at an increment of 1mm in the x, y, and z axis for the electric field, magnetic field, pointing vector, and SAR values. The patch antenna is always located on the y-axis and is varied in distances from the human head. The simulations are conducted for the cases where the patch antenna is located at 10cm, 100cm, and 1000cm from the human head on the +y-axis. Figure 2b depicts the cut-plane where the near field calculations are conducted to study the 2D components of the electric field, magnetic field, pointing vector, and SAR. Here we notice that the cut-plane is chosen to enable calculations at the intersection of the human eye. This is important because the cornea in the human eye contains nonregenerative human cells and cannot repair damages caused by radiation. This intersection is also chosen because the opening created by the human eye socket enables higher levels of radiation to seep through into the human head, and have previously been shown to increase the SAR within the head itself. Figure 2c depicts the entire human head and shoulder model with the corresponding mediums from the side and front view without the fat, muscle, and skin tissues.
Quantitative Analysis
The results of the analysis conducted using the setup as described in the previous section and the environment in Section 3 is best understood by analyzing the electric field, magnetic field, and SAR variations in the 2D cut-plane of interest. Figure 3 is a plot of the electric and magnetic near field as well as SAR calculations at the cut-plane of interest in the human head. If we look closely, we see that there does exist some level of transverse reaction between the two fields. Here we point out that the long term impacts of magnetic fields on the human body must be studied to relate the effect of fields on cells and its processes as well as functions. Figure 4 presents the SAR calculations for the 2-dimensional cut-plane studied for the three cases of distances from the human head. These cases are for the 7.4db gain RFID reader antenna at 10cm, 100cm, and 1000cm from the front of the human head, radiating at 1W. From these results, we notice that contrary to common knowledge, the SAR variation and gradients do not change drastically when the reader antenna is distanced away from the human head. However, the values of the peak-one voxel SAR values reduce drastically, when the reader antenna is moved away from the human head. Figure 5 presents the three dimensional SAR results for the human head using iso-surfaces with the RFID reader antenna at 10cm from the human head, radiating at 1W for the peak-one voxel SAR of 1.6 W/kg. Using this evidence, we conclude that there needs to be significant work contributed in this area to enable a higher understanding of the impact of RF radiation on the human head by RFID reader systems at UHF frequencies. We also conclude that these studies must focus both on the short term and long term impact on the human body, given the accelerated adoption rates of passive RFID systems today.
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